Exercise adherence has commonly been measured in clinical and research settings using simple, low-cost tools such as exercise diaries and self-report scales. Exercise diaries have the advantage of collecting data prospectively; however, patient burden increases when they must be completed over an extended period. Self-report scales have the disadvantage that data are retrospective, but the benefit that they can be administered once or on a minimal number of occasions, thus decreasing patient burden. Exercise intervention studies often ask patients to rate their adherence over the entire duration of an exercise program, such as 12 weeks, although shorter recall periods may yield information that is more accurate. Knowing this would facilitate the best use of these tools.
Little evidence exists on the validity and reliability of self-reported measures of exercise adherence. A recent systematic review identified 234 different approaches to measuring exercise adherence in musculoskeletal conditions. 16 U U BACKGROUND: Accurate measurement of adherence to prescribed exercise programs is essential. Diaries and self-report rating scales are commonly used, yet little evidence exists to demonstrate their validity and reliability.
U U OBJECTIVES:
To examine the concurrent validity of adherence to home strengthening exercises measured by (1) exercise diaries and (2) a self-report rating scale, compared to adherence measured using an accelerometer concealed in an ankle cuff weight. Test-retest reliability of the selfreport rating scale was also assessed.
U U METHODS:
In this clinical measurement study, 54 adults aged 45 years or older with self-reported chronic knee pain were prescribed a home quadriceps-strengthening program. Over 12 weeks, participants completed paper exercise diaries and, at appointments every 2 weeks, rated their adherence on an 11-point numeric rating scale. A triaxial accelerometer was concealed in the ankle cuff weight used for exercises. Self-reported adherence rating scale data over each 2-week period were analyzed using descriptive statistics, the Wilcoxon signed-rank test, and a Bland-Altman plot to assess agreement, Spearman correlations for validity, and intraclass correlation coefficients for test-retest reliability.
U U RESULTS:
Exercise adherence was significantly overestimated in diaries during the 12 weeks (diary median, 220 exercises; accelerometer, 176; P<.001) and was moderately correlated with accelerometer data (r = 0.52; 95% confidence interval: 0.26, 0.69). A Bland-Altman plot indicated large between-participant variability in agreement between these measures. Self-reported adherence showed poor to fair correlations with accelerometer data (mean r = 0.23-0.39), and less than acceptable reliability (intraclass correlation coefficient = 0.79; lower 1-sided 95% confidence limit, 0.68). No studies had evaluated the measurement properties of exercise logs/diaries or simple numeric scales. 16 Thus, it is unclear, when interpreting self-reported adherence measures, whether any or all exercise prescribed has occurred, or how exercise adherence varies over time. 13 Validity of a measurement tool is the degree to which the tool truly measures what it is supposed to measure. 17, 21 A number of aspects of validity can be assessed: face validity, construct validity, content validity, and criterion validity. 21 In order to test the criterion validity of self-reported adherence measures, concurrent comparisons need to be made with a gold standard. While direct observation of exercise performance could be considered the gold standard, this method is impractical and would likely influence patient exercise behavior. An alternate objective measure is to use inertial sensors, such as an accelerometer, that are concealed within exercise equipment, so patients are unaware of their presence.
Reliability, defined as "the extent to which a measure is consistent and free from error," is another important property of any assessment tool. 21 Ideally, a measure should have high levels of both validity and reliability to consistently provide useful information. Assessment of test-retest reliability requires a measure to be completed at 2 intervals reflecting on the same period, something that cannot be assessed for an exercise diary.
The objective of this study was 3-fold: (1) to examine concurrent validity of adherence over 12 weeks, measured via an exercise diary compared to adherence simultaneously measured using a concealed accelerometer in a cuff weight, among a cohort of older adults with chronic knee pain undertaking a home strengthening program; (2) to examine the validity of a self-reported adherence scale, with increasing recall periods from 2 to 12 weeks, compared to accelerometer-measured adherence; and (3) to evaluate test-retest reliability of the selfreported adherence scale.
METHODS

T
his clinical measurement study featured a longitudinal, singlegroup, repeated-measures design. The University of Melbourne Human Research Ethics Committee granted ethical approval. Participants provided written informed consent. To ensure and maintain their blinding to the primary objectives of the study, participants were told that the study was to investigate the effects of a home strengthening program on knee pain/function and knee extensor strength. The study was conducted and reported in accordance with the COnsensus-based Standards for the selection of health status Measurement INstruments (COSMIN) guidelines for assessing criterion validity and test-retest reliability.
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Participants
Sixty participants in Melbourne, Australia were recruited through online advertising on social media and university newsletters. Inclusion criteria were (1) aged 45 years or older, (2) knee pain on most days of the past month, (3) knee pain 3 months or greater in duration, and (4) overall average knee pain in the last week of 4 or greater on an 11-point numeric rating scale (NRS). Participants were ineligible if they were awaiting a knee or hip joint replacement on the painful knee, suffering from a systemic arthritic condition, or experiencing any other major joint pain or neurological condition that would limit their ability to exercise safely. Due to the exercise instructions and required completion of diaries and self-report outcome measures, volunteers were ineligible if they were unable to understand written and spoken English.
Procedure
Telephone screening confirmed the eligibility of volunteers. Participants attended physical therapy sessions at baseline and 2, 4, 6, 8, 10, and 12 weeks, with 1 physical therapist providing all sessions for all participants. Each session involved digital completion of self-reported pain, function, and adherence scales; knee extensor strength assessment; review of exercise technique; and adjustment of weights used for exercises, as appropriate. Participants were supplied with an adjustable ankle cuff weight for their home exercises. The cuff consisted of 5 pockets into which 500-g or 1-kg sandbags were inserted, allowing incremental weight increases up to 5 kg. The exercises were based on those used in the authors' previous clinical trials 2, 15 (knee extension in sitting, knee extension with an isometric hold at 30° of flexion, knee extension over a roller, and straight leg raise) (APPENDIX A, available at www.jospt.org). These exercises are commonly used for older adults with chronic knee pain, and have been shown to improve pain, function, and quality of life. 2, 15 Participants were asked to complete the exercises on 5 self-selected days of the week. The dose was 1 to 2 sets of 10 repetitions, with a starting weight equal to that needed to achieve a self-reported rating of 4 to 6 out of 10 on the Borg Rating of Perceived Exertion (category ratio-10) scale. 6 Thus, people were asked to complete a total of 240 exercises (60 exercise sessions, comprising 4 exercises in each session) over the 12 weeks.
Participants were unaware of the presence of the concealed accelerometer. Following their final appointment at week 12, participants were sent a letter thanking them for their participation, explaining the presence of the accelerometer in the weight as a means of assessing validity of self-report measures, and offering the opportunity to withdraw their data if they wished.
Adherence Measures
Two self-report measures of exercise adherence were used. Paper Exercise Diary Participants were asked to record in a paper exercise diary each time they completed any of the exercises. Days and dates were prepopulated for each 2-week period and included a checkbox to indicate which of the 4 prescribed exercises were completed (APPEN-DIX B, available at www.jospt.org).
Self-reported Adherence on an 11-Point
NRS At each physical therapy session, participants were asked to reflect on the prescribed home exercises they had completed since week 0 and rate their agreement with the statement, "Overall, I have been doing my exercises exactly as I was asked to by my physical therapist (number of sessions and number of exercises)," on an NRS ranging from 0 (strongly disagree) to 10 (strongly agree). This question was previously piloted among older adults with knee osteoarthritis to ensure clarity and understanding. Participants did not have access to their exercise diaries when responding to this statement. The scale was completed about the period since commencing the study (week 0) to examine the effect of increasing recall periods (2, 4, 6, 8, 10 , and 12 weeks) on the validity of the measure. To evaluate test-retest reliability of the scale with a 2-week recall period, participants repeated the scale at home on the day following their physical therapy session.
Concealed Accelerometer
A compact X16-mini triaxial accelerometer and data logger (Gulf Coast Data Concepts, LLC, Waveland, MS) was used to measure movement of the cuff weight, thus providing objective evidence of the number of home exercises performed. An accelerometer is sensitive to both gravitational and linear acceleration, meaning that the angle of the device to the vertical or horizontal can be calculated for movements that do not involve appreciable linear acceleration (pseudo-constant velocity). 8 All prescribed exercises were in the vertical plane and did not involve appreciable linear acceleration. The accelerometer was concealed within the ankle cuff weight (APPENDIX C, available at www. jospt.org) and was changed at each 2-week appointment to download data. The battery of the accelerometer allowed data to be recorded for 14 consecutive days.
Two measures were objectively determined from the accelerometer: (1) number of exercise sessions completed during each 2-week period, and (2) number of different exercises performed in each session. All epochs of recorded movement were displayed in MATLAB (The MathWorks, Inc, Natick, MA) and visually inspected for the highly stereotypical exercise pattern (APPENDIX D, available at www.jospt.org). Epochs containing exercise were tagged, then time cursors were manually placed to delineate the beginning and end of each of the exercises within each session. This process was completed for all files by 1 grader and rechecked at a later date by the same grader.
Statistical Analysis
Data were analyzed only for those participants who completed all 12 weeks of the study. Missing accelerometer data were imputed using logistic regression. The multiple-imputation model included accelerometer data from the preceding days in the 2-week period, correlation values for the diary and accelerometer data on all preceding days in the 2-week period, and the diary entry for the relevant day. Estimates from 20 imputed data sets were combined using Rubin's rules. 25 Diary-and accelerometer-recorded exercise adherence rates were calculated as exercise volume by multiplying the number of exercise sessions recorded (possible range of 0 to 10 sessions per 2-week period) by the number of exercises performed in each session recorded (possible range of 1 to 4 exercises). Thus, full adherence would be 240 exercises completed over the 12-week period.
Stata Version 14.0 (StataCorp LLC, College Station, TX) was used for analysis. Descriptive statistics were calculated for each measure. The differences between exercise diary records and accelerometer measurements were assessed using the Wilcoxon signed-rank test because data were not normally distributed. Significance was set at P<.05. The level of agreement between exercise diaries and accelerometer measurements was assessed using the Bland-Altman method, whereby the differences between measurement methods are plotted against the average of the 2 methods. To investigate whether baseline characteristics differed in those participants who did or did not accurately record exercise completion in their exercise diaries, participants who completed 80% or greater of the exercises as recorded in their diaries were compared to those who completed less than 80% of the exercises as recorded in their diaries. Age, sex, body mass index, symptom duration, level of education, employment status, NRS average knee pain, and Western Ontario and McMaster Universities Osteoarthritis Index pain and function subscale scores at baseline were compared. Chi-square tests were used to test for differences between participants in each group with respect to categorical variables, t tests were employed for continuous variables that were approximately normally distributed, and the Wilcoxon rank-sum test was used for continuous variables that did not appear to be normally distributed.
Test-retest reliability of the selfreported adherence rating scale on 2 occasions at week 2 was calculated using intraclass correlation coefficient (ICC) model 2,1, with 95% CIs for a 2-way random-effects model and standard error of measurement (SEM). The SEM was calculated using the standard formula and expressed with 95% CIs in absolute values. Interpretation of the ICC value was based on single measures, with an optimal ICC of 0.80 and a minimal acceptable lower 1-sided 95% confidence limit of 0.70. A 1-sided confidence limit
was used as the minimum acceptable level because the authors were interested only in whether the value was more than the minimum level, in line with previous reliability study literature.
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Sample Size
Sample size was calculated based on a priori levels of optimal and minimal acceptable limits of validity and reliability. A minimum of 54 participants were required to achieve an optimal Spearman correlation coefficient of 0.80 for validity calculations, as well as an optimal ICC of 0.80 and a minimal acceptable lower 1-sided 95% confidence limit of 0.70 for reliability.
RESULTS
F
ifty-four participants (90%) completed the study. Of the 6 participants who did not complete the study, 2 dropped out prior to week 2, 2 between weeks 2 and 4, 1 between weeks 4 and 6, and 1 between weeks 8 and 10. Reasons for noncompletion were unrelated to the study: family death out of state, family illness overseas, back injury, fall, unexpected interstate travel for work, and hospitalized with an unrelated condition. Baseline characteristics did not differ between those who did not complete the study and those who did. No participants requested to withdraw their data upon receiving the debriefing letter.
Participants were predominantly women, overweight, tertiary educated, and working full-or part-time. The group reported moderate levels of knee pain and functional impairment at baseline (TABLE 1). For those who completed the study, all exercise diaries were returned, and no self-reported data were missing. Twelve days of accelerometer recordings from 10 participants (0.3%) were lost due to battery failure.
Self-reported and AccelerometerMeasured Exercise Adherence
Significant skewing of data can be seen in both self-report measures when plotted against the objectively measured accelerometer recordings (FIGURE 1). Adherence was significantly overestimated in exercise diaries at all time points compared to accelerometer recordings (TABLE 2). The median exercise volume recorded in diaries over the 12 weeks was 220 exercises (interquartile range, 200-232), compared to 176 exercises (interquartile range, 128-205) recorded objectively by the accelerometers (P<.001).
The wide 95% limits of agreement of the Bland-Altman plot indicate large between-participant variability in level of agreement between diary records and accelerometer measurements of exercise completion (FIGURE 2). Very good agreement was found between the diary records and accelerometer measurements only when participants had objectively completed more than 200 exercises (83% of the program).
Neither self-report measure met the optimal level of correlation with the gold standard (r>0.80) (TABLE 3) . Adherence recorded in exercise diaries showed a moderate correlation with accelerometer data over 12 weeks (r = 0.52; 95% CI: 0.26, 0.69). Self-reported adherence ratings over a recall time that increased from 2 to 12 weeks showed poor to fair correlations with accelerometer data and wide CIs (r = 0.23; 95% CI: 0.003, 0.47 to r = 0.39; 95% CI: 0.14, 0.58). No pattern of change in correlation between the measures was evident with increasing recall periods.
Of 54 participants who completed the study, 33 (61%) completed (as measured by an accelerometer) 80% or more of the exercises they recorded in the exercise diary. These participants did not differ in any baseline characteristics or measures compared to those who were less accurate in recording their exercise completion. Unsurprisingly, participants who were more accurate in recording their exercises completed, on average, 94 (95% CI: 75, 114) more exercises over the 12 weeks compared to those who were less accurate.
Test-Retest Reliability of Self-reported Adherence Rating Scale
On 2 occasions 1 day apart at week 2, self-reported adherence rating neared, but did not meet, the defined minimal acceptable level of reliability (ICC = 0.79; lower 1-sided 95% confidence limit, 0.68) ( 
DISCUSSION
T o the researchers' knowledge, this is the first study to use concealed accelerometers during a home-based strengthening program as an objective measure to examine the validity of self-reported exercise adherence measures. Diaries overestimated exercise adherence by almost 20% of the total exercise program, on average, during the 12 weeks and showed only a moderate correlation with accelerometer data. Large between-participant variability in agreement between the 2 measures was observed (range of difference between diary records and accelerometer measurements of exercises, 0 to 212 exercises).
Self-reported adherence rating on an 11-point NRS showed poor to fair correlations with accelerometer data, and the strength of correlation did not substantially vary with increasing recall periods from 2 to 12 weeks. Test-retest reliability of the self-reported adherence rating scale neared, though did not meet, acceptable levels of reliability, but did demonstrate response stability as measured by the SEM. However, interpretation of this test-retest stability is limited by the observed large ceiling effect, as greater than 80% of participants rated their exercise adherence as 9 or 10 out of 10 on each occasion.
These results showed greater overestimation in exercise diaries than previously reported in studies comparing self-report measures of home exercise adherence to objective measures assessed with- 
out patient knowledge in other populations. Adults with complex regional pain syndrome who completed a computerguided home exercise program overestimated program adherence in exercise diaries by an average of 10% compared to adherence measured by the computer program. 18 Similarly, a study comparing weekly exercise logs to data recorded on a Nintendo Wii console among people with systemic lupus erythematosus found that participants overreported exercise completion by a mean of 13%. 29 In contrast, the authors of the present study observed overestimation of adherence in the exercise diaries by approximately 20% over the 12-week period. This may be due to several differences between the studies, including the comparatively small sample sizes in the other studies (n = 28 and n = 11, respectively), which might have resulted in less variability within the data. Among the cohort with complex regional pain syndrome, the author noted increasing overestimation with increased duration of disease. 18 The current study's cohort reported having experienced symptoms for more than 7 years on average, which might have contributed to the observed higher level of overreporting.
Strengths and Limitations
A significant strength of this study is the unique methodology of concealing accelerometers within weights to allow objective assessment of home exercise completion. This reduced the risk of individuals altering their exercise behavior or altering their exercise reporting to match their objectively measured exercise completion. In addition, 1 physical therapist completed all appointments with all participants, decreasing the risk of variability in delivery of the intervention.
Several limitations should also be considered. Participants volunteered to take part in a nonrandomized study involving strengthening exercises for chronic knee pain. Participants were predominantly women, working full-or part-time, and residing in metropolitan Melbourne. More than 80% of participants objectively completed more than 50% of the exercises as prescribed, limiting our ability to assess the validity of the measures when adherence is particularly poor. Participants were asked to complete a set number of exercises, and overcompletion of exercises was not included in analyses. This ceiling effect likely contributed to the decreased overreporting bias observed in diaries as objectively measured exercise completion increased. While participants were encouraged to complete their exercise diaries at the time of exercising, it is possible that diaries were completed retrospectively at times, increasing the risk of inaccurate recall. Participants handed their exercise diary to the treating physical therapist and were aware that she would be viewing their responses. This might have influenced completion of the exercise diary and potentially contributed to overreporting of exercise adherence.
No participants advised the therapist during the sessions or following the debriefing letter that they were aware of the presence of the accelerometer; however, this might have occurred and influenced exercise reporting. Current findings are likely relevant to populations and exercises other than those assessed in this study, although these results apply directly to people with chronic knee pain completing home strengthening exercises using an ankle cuff weight. This study's findings also relate only to the self-reported diary and scale used here.
The self-reported adherence rating scale showed poor correlation with accelerometer-assessed adherence, irrespective of the recall duration. This may be due to the nature of the measure, which required participants to recall the number of exercise sessions and exercises they performed and convert that to a rating from 0 to 10. Instead, it may be easier for participants to simply report the number of exercises or the number of exercise sessions they had completed. While the measure was piloted with participants to ensure understanding, the potential for misinterpretation of the question cannot be excluded, hence comparison of different constructs was possible.
Implications of the Findings
Accurate assessment of exercise adherence is essential to maximizing the benefits of exercise for people with chronic musculoskeletal conditions. Previous research has identified that within clinical practice, measures of exercise adherence are underutilized, 12 and in randomized controlled trials, assessment of adherence is often lacking. 1 Choosing an appropriate exercise adherence measure, taking into account cost and patient burden as well as validity and reliability, is important for clinicians and researchers alike, and the absence of a recommended self-report measure of exercise adherence has been acknowledged as a significant limitation to progressing the field of exercise adherence research. 16 Neither of the adherence measures studied can be confidently recommended for use. The self-reported rating scale did not provide consistently valid or reliable data. Exercise diaries provided a more accurate measure of adherence among participants who completed most of the exercise program as prescribed; however, due to the significant risk of overreporting, clinicians should be cautious when relying on exercise diary data alone to evaluate patient adherence to home exercise programs. The overestimation in exercise diaries and the poor validity of adherence scales affect interpretation of exercise intervention studies, and particularly interventions targeting exercise adherence.
The authors' recent systematic review identified limited evidence for interventions to improve exercise adherence among older adults with hip or knee osteoarthritis or chronic low back pain 20 ; however, these results may be explained, in part, by the limited validity and reliability of the adherence measures used. Development of a self-report measure that is sufficiently able to capture the complexity of unsupervised exercise adherence is certainly a research priority.
Advancing technologies offer multiple opportunities to use mobile applications and online tools to record and track exercise completion. Such measures are potentially appealing to participants, as they require little burden and can incorporate immediate feedback and encouragement, which may improve their uptake and use. The validity and reliability of these measures in assessing home exercise adherence have not been examined to date. In addition, recent innovative technological devices offer new opportunities for objective measures of adherence. 11, 22, 23 Further development and use of these measures may provide important objective adherence data and may also act as an intervention to improve adherence, because patients are aware that they are being monitored.
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CONCLUSION
B
oth exercise diaries and selfreport rating scales demonstrated questionable validity in measuring home exercise adherence when compared with the objective accelerometer measure. The self-reported adherence rating scale was also found to have limited test-retest reliability. Consequently, neither adherence measure examined in this study can be confidently recommended for clinicians or researchers to use in similar contexts. U
KEY POINTS
FINDINGS: An exercise diary and an 11-point self-reported adherence rating scale showed questionable validity compared with home exercise adherence measured objectively using a concealed accelerometer. The self-reported adherence rating scale with recall over 2 weeks did not meet an acceptable level of test-retest reliability. IMPLICATIONS: These findings bring into question the usefulness of exercise diaries and simple self-report scales to assess exercise adherence both clinically and in research.
